Abstract-The on-going effort of integrating heterogeneous circuits as well as the increasing length of global interconnect are driving the semiconductor community towards 3-D integrated circuits. In this work, thermal paths within a 3-D stack are investigated using the HotSpot simulator, and the results are compared to experimental data of a fabricated two layer stack with a single back metal layer. Resistive heaters and sensors measure the heat flow in both the horizontal and vertical dimensions. The dependence of the thermal conductivity on temperature is integrated into the thermal simulation process.
I. INTRODUCTION
Two important issues in modern ICs are heterogeneity and global signaling. Coupling between different circuits has increased with greater on-chip integration. A natural solution is to use a 3-D structure [1] , where each layer is fabricated separately, and all of the layers are stacked to form a heterogeneous system [2] . The 3-D structure also addresses the increasing length of the global interconnects. Much research addresses heat propagation and cooling within 3-D integrated circuits, thermal aware placement and routing, and through silicon via characterization [3] - [8] . As the vertical dimension becomes blocked by additional stacked layers, the heat is not as easily transferred towards the heat sink as in 2-D circuits. An important obstacle is therefore identifying thermal paths within a 3-D stack. Thermal paths within a segment of a 3-D stack, including the thermal through silicon vias, are illustrated in Figure 1 . With higher temperature, the mobility of the charge carriers decreases, which consequently slows the circuit. The dependence of the electron mobility on temperature is illustrated in Figure 2 [9] , [10] .
Thermal flow in materials is described by the Fourier Law,
Thermal analysis within a 3-D structure is based on the heat flux density (the energy that flows through a unit area per unit time, or alternatively, the amount of power that flows
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Integrating both sides of (2) and assuming that the material in each layer is uniform, the heat transfer equation becomes
Q [W ] is the heat transfer rate, and A [m 2 ] is the surface area through which the heat is transferred. The heat transferred through silicon is depicted in Figure 3 . T 1 and T 2 are the temperature measured at, respectively, x 1 and x 2 .
Analogous to electrical interconnect, thermal conduits can be characterized with respect to the thermal resistance (R th [ [11] . A thermal analogy to Ohm's law is described by
R th is analogous to the electrical resistance R, ΔT is analogous to the difference in electrical potential Δφ, and Q is analogous to the electrical current I. Substituting (3) into (4) yields a linear relationship between the thermal resistance and thermal conductivity, which is also analogous to the linear relationship between electrical resistance and electrical conductivity, as shown in (5),
The thermal resistance per unit length is an effective metric to analyze the thermal behavior of the horizontal and vertical paths,
Both simulations and experimental measurements exhibit the dependence of thermal conductivity on temperature. Previous literature [12] - [16] , dating to the early 1960's, shows that within the relevant range of temperatures (-55 • C to 125 • C), k decreases with higher temperatures in materials commonly used in integrated circuits (e.g., silicon, aluminum, and tungsten). An example of the dependence of thermal conductivity on temperature for silicon is illustrated in Figure 4 [12]- [14] . In this example, the thermal conductivity decreases by 47% from -53.2
• C to 126.9
• C.
II. SIMULATION SETUP AND TOOLS
The HotSpot simulator [17] , [18] is used in this work to analytically investigate thermal conductivity paths in 3-D structures. To analyze heat propagation within a 3-D stack, including the dependence of thermal conductivity on temperature, the structure shown in Figure 5 is considered. This stack consists of two silicon layers and a single aluminum back metal layer (i.e., the Wtop, Wbottom, and BackMetal layers). The back metal is connected to Wtop using thermal through silicon vias (TTSVs), modeled as a 6 μm high tungsten via. Thermally passive (no heat is generated) layers are included in the simulation to better model a practical 3-D structure (e.g., silicon dioxide, bulk silicon, and the metal layers). Two heaters, modeled as heat dissipating blocks, are placed 1.2 mm from each other on each layer. Six heater/sensor sites are placed across the structure to analyze the propagation of heat in both the horizontal and vertical dimensions. Different heaters are turned on to model different on-chip power dissipating blocks and related thermal paths. Temperatures are measured at each of the six sites.
The simulations are verified with test data. The stack consists of two layers of silicon with a single back metal layer. Two resistive heater/sensor pairs are placed on each of the silicon layers (on either metal two or three). On the back metal, two resistive structures are used as either a heater or sensor. These structures are relatively large and cannot be stacked since there is only one layer of back metal. Current, ranging from 0 to 110 mA, is passed through the heater structures, and resistances are extracted from the sensor structures. After calibration, these resistance values are converted into temperatures. This setup allows heat propagation paths within the 3-D structure to be experimentally measured and compared to simulation. 
III. SIMULATION RESULTS
Different thermal paths as well as the dependence of these paths on temperature are evaluated for different levels of power dissipated by the heaters. The measured temperature at two different sensors sites, (i) top layer, first sensor site (Wtop1), and (ii) bottom layer, second sensor site (Wbottom2), are shown in Figure 6 . The heater on the bottom layer, first site (Wbottom1), is turned on and dissipates power, analogous to the heat transfer rate Q. The measured temperature for a constant value of k are lower by up to 19% as compared to the measured temperature for the temperature dependent k. A comparison to experimental test data is also provided in Figure  6 . The constant k simulations deviate from the experimental results by up to 25%, while for a temperature dependent k, the deviation only reaches 7%. Additional simulation results are listed in Table I. The thermal resistance per unit length is analytically determined from (4) and (6) . The thermal resistance per unit length of two thermal paths: (i) a horizontal path: Wbottom1 heater → Wbottom2 sensor, and (ii) a vertical path: Wbottom1 heater → Wtop1 sensor, is illustrated, respectively, in Figures  7 and 8 . The difference in thermal resistance per unit length between the model based on a constant thermal conductivity and the model based on a temperature dependent thermal conductivity reaches 28%. As compared to experimental results, the constant k results deviate by up to 38%, while the temperature dependent k results deviate by a maximum of 13%. The simulations indicate that the lateral thermal paths conduct more heat as compared to the vertical thermal paths. The thermal resistance per unit length of the vertical path is two orders of magnitude larger than the thermal resistance per unit length of the horizontal path, since SiO 2 exhibits a lower thermal conductivity than silicon. 
IV. CONCLUSIONS
In this work, the conduction of heat within a 3-D structure is considered. The horizontal and vertical dimensions are both evaluated for different heat sources. The analysis provides insight into those issues that influence the heat propagation process, such as identification of the thermal paths. The dependence of thermal conductivity on temperatures is also shown to be significant. For certain thermal paths, a constant k produces lower temperatures by up to 19% as compared to a temperature dependent k. In addition, the thermal resistance per unit length of different thermal paths is explored, exhibiting an increase of up to 28% when the temperature dependence of the thermal conductivity is included in the analysis.
The simulation results are compared to experimental test data conducted on a fabricated two layer 3-D stack. Simulations of the constant thermal conductivity deviate by up to 25% for the absolute temperature, and up to 38% for the thermal resistance per unit length, while for a temperature dependent thermal conductivity, the deviations are, respectively, 7% and 13%. In addition, the vertical paths exhibit a larger thermal resistance per unit length as compared to the horizontal paths. This behavior is attributed to the lower thermal conductivity of SiO 2 as compared to silicon. Heat propagation in the vertical dimension is shown to be poor; the heat primarily passes along the horizontal dimension. Vertical heat removal paths are therefore needed to reduce degradations in performance caused by heat accumulation. This analysis confirms the importance of accurately modeling the thermal conductivity, and integrating accurate thermal conductivity models into the thermal analysis process.
